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Abstract

Purpose  The purpose of this paper is the presentation of an electrical equivalent circuit for inductive 
components as well as the methodology for electrical parameter extraction by using a 3 D finite element 
analysis (FEA) tool.
Design/methodology/approach  A parameter extraction based on energies has been modified for 
three dimensions. Some simplifications are needed in a real model to make the 3 D finite element method 
(FEM) analysis operative for design engineers. Material properties for the components are modified at 
the pre modeling step and a corrector factor is used at the post modeling step to achieve the desired 
accuracy.

Findings  The current hardware computational limitations do not allow the 3 D FEA for every magnetic 
component, and due to the component asymmetries, the 2 D analysis are not precise enough. The application 
of the new methodology for three dimensions to several actual components has shown its usefulness and 
accuracy. Details concerning model parameters extration are presented with simulation and measurement 
results at different operation frequencies from 1 kHz to 1 GHz being the range of switching frequencies used 
by power electronic converters based on Si, SiC or GaN semiconductors.

Practical implications  This new model includes the high frequency effects (skin effect, proximity 
effect, interleaving and core gap) and other effects can be only analyzed in 3 D analysis for non symmetric 
components. The electrical parameters like resistance and inductance (self and mutual ones) are frequency
dependent; thus, the model represents the frequency behavior of windings in detail. These parameters 
determine the efficiency for the inductive component and operation capabilities for the power converters (as in 
the voltage boost factor), which define their success on the market.

Originality/value  The user can develop 3 D finite element method (FEM) based analyses with 
geometrical simplifications, reducing the CPU time and extracting electrical parameters. The corrector factor 
presented in this paper allows obtaining the electrical parameters when 3D FE simulation would have
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developed without any geometry simplications. The contribution permits that the simulations do not need a
high computational resource, and the simulation times are reduced drastically. Also, the reduced CPU time
needed per simulation gives a potential tool to optimize the non symmetric components with 3D FEM
analysis.
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1. Introduction
Power electronics engineers need to use inductive components as an important part of their
converters. The electrical parameters for the inductor have a critical influence in the overall
efficiency and operation capabilities for the power converter.

The calculation of the winding resistance and inductance could be conducted by
application the Maxwell¨s equations. Nevertheless, the complete analytical solution for these
equations has only been available for components with 1Dmagnetic field distribution.

Another alternative is to obtain the winding parameters by laboratory testing, but the
component design or optimization could be expensive and time consuming.

A finite element analysis (FEA) is an adequate tool to calculate the winding parameters
of any asymmetrical magnetic components (Iatcheva et al., 2018), but the current hardware
computational limitations (the Random Access Memory is usually the limiting factor) do not
natively allow to perform very complex 3D simulation considering high-frequency effects,
interleaved winding or assembling air gap.

On the other hand, the calculation based on 1D or 2D FEA is not applicable due to the
high degree of geometrical simplification. The only possible way for this type of calculation
is to significantly reduce the number of mesh elements and perform complex 3D simulation.

Several various approaches for electrical parameters extraction have been developed
based on FEA optimization (Okamoto et al., 2016; Kiselev et al., 2016), original
methodologies (BenMessaoud et al., 2016) or for particular components (Aljohani et al., 2016;
Phukan et al., 2016; Niyomsatian et al., 2018; Lu and Ngo, 2017) without present an actual
3D model of the magnetic non-symmetrical component including all effects (skin effect,
proximity effect, interleaving, core air gap).

In this work, the attention is paid mainly to the components with EE and toroidal
magnetic cores (non-symmetrical coil configurations) because they are common for
inductors, lack 3D symmetry and the winding parameters (resistance and inductance)
cannot be calculated either using 1D or 2D FEA. The asymmetry of these inductive
components lies mainly in the square shape of the windings.

As shown in (Gonzalez-Teodoro et al., 2015; Coulomb, 2014), successful convergence of 3D
simulation requires the adoption of certain simplifications that more or less affect the results.

The parameter extraction presented in this paper is based on an electrical equivalent
circuit discussed in Asensi et al. (2007) and modified for three dimensions (Figure 1.) This
equivalent circuit stands on the superposition theorem which generally introduces some
limitations.

It is only applied on the magnetic fields and the current densities (not on energies or
losses) when analyzing a linear system. The FEM simulation therefore considers a constant
permeability and coercivity set for the magnetic core material (Eddy current solver used). In
other words, the model is not applicable to the systems with non-linear saturation (BH
curve).



In Section 2, the different analyses, the parameter extraction procedure and research

developed to calculate the correction factor will be explained. Section 3 will introduce the

original methodology to be used by the power engineers. Section 4 is dedicated to the

experimental validation for eight different inductive components and showing the CPU

reduction time. Conclusions and advantages for the proposed procedure are given in

Section 5.

2. Analysis for non-symmetrical inductive components
The procedure of obtaining the correction factor is based on elementary geometry FEM

analyses (referring to cases I, II, III, IV) and proper mathematical regressions. The cases

have been modeled with the geometry assistant in the FEA (Figure 2). The modeling has

been done following next process:

� Selected solver has been the Eddy Current Type with a frequency in the range from

1 Hz to 1.2 GHz.

� Material properties of the core and windings have been adjusted using the model

descriptor function
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� the mesh used for FEM analysis is automatic generated with these settings: 1 per
cent error,1 25 maximum number of steps and step refinement of 20 per cent.

� Finally, the excitations (both, input and output signals) has been introduced using
the sheets created into windings.

The material properties have been adjusted in the software database, the current density has
been introduced according to the Transient solver and the mesh has been set up
automatically. More detail about FEAmethodology is given in Section 3.

2.1 Polygonal model
The conductor cross-sections for analyzed case studies are modified from a circular shape
(original geometry) to a polygonal shape to reduce the FE number and achieve easier
computational convergence. These modification change both the cross-section area and the
distance between conductors which consequently affects the winding resistance and
inductance. The material properties (1-2) must be accordingly tuned in the model to achieve
the same resistance and inductance values that were measured for original geometry
(Gonzalez-Teodoro et al., 2015):

sPol ¼
SCircular

SPolygon
� sCircular (1)

mPol ¼
SCircular

SPolygon
� mCircular (2)

In (1) and (2), the parameters sPol and mPol represent the conductivity and the permeability
for the polygonal conductor, sCircular and mCircular represent the same but for the circular
conductor and SPircular and SPolygonal stand for the cross-section areas of both geometrical
variants respectively.

To minimize any distortion of the results, the zero vector potential boundary condition is
set on the surface of enclose “free-space” region (having a size 5 times higher that of the
component being analyzed) surrounding the conductor.

The analyzed inductive component is named “Polygonal Model” in the paper. The
simulation is performed using Eddy Current Solver (Ansys Maxwell) with an energy error of
2 per cent and using standard defined mesh. The mesh is imported from a transformer
(multiwinding component) to compare the results from different inductive components
(single winding) having the samemesh.

At the post-processing stage, the parameter extraction is accomplished according to the
magnetic-electrical equivalent circuit shown in Figure 1. The resistance and the inductance
for the windings are calculated using a JAVA script based on equations (3) and (4)
introduced in Asensi et al. (2007) andmodified for three dimensions:

Lij ¼
1

I20
∰VRe B

!
i0 � H *

�!
j0

� �

dv (3)

Rij ¼
1

I20
∰VRe J

!
i0 � J *

�!
j0

� �

dv (4)



where Io is the winding current (rms value), B
!

is the magnetic flux density, H*
�!

is the

complex conjugate value of the magnetic field strength, and J
!

is the current density, J*
!

is
the complex conjugate of the current density. The indexes correspond to the mutual
coefficients for the electrical parameters when there are more than two windings in the

magnetic component.
For a wide supply frequency range, the current density distribution within the wire is

affected by alternating internal and external electromagnetic fields. These phenomena are
usually presented as a skin and proximity effect and have different behavior for circular and
polygonal cross-section. Therefore, a correction factor k must be applied to the extracted
resistance (RFEM

ij ) to get a proper resistance value. In this case the inductance is practically
not influenced by the polygonal model and therefore the correction factor is not necessary
(Zhang et al., 2017; Dias et al., 2018; Igarashi, 2017; Christian Bednarz et al., 2018).

2.2 Correction factor depending on the frequency
The correction factor [equation (6)] depending on the frequency is applied to the extracted
resistance [equation (4)] introduced for the Polygonal Model:

Rreal
ij ¼ k � RFEM

ij (5)

where Rreal is the resistance for the original model (circular cross-section) and RFEM is the
resistance obtained from the Polygonal Model using equation (4). The correction factor is
divided in two coefficients corresponding to the skin and proximity effects that depend on
the frequency. According to Ferreira (1994), the skin and the proximity effect can be
calculated separately due to the orthogonal relation existing between them:

k ¼ kskin þ kproximity (6)

A large number of analysis have been performed to calculate the correction factor. It is
based on the ratio of the resistance calculated for the real component and the resistance
calculated for the Polygonal Model (7):

EQR ¼
Rcirle

Rpolygon

(7)

The correction factor also depends on the polygonal cross-section used in the simulation. A
new term is introduced in the study to involve the polygonal cross-section dependency
labeledApol and given in equation (8) (Figure 3):

Figure 3.
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Apol ¼
Scircle

Spolygon
(8)

Equations (1) and (2) can be rewritten with the new termApol as it is indicated in equations (9)
and (10) (Figure 3):

sPol ¼ Apol � sCircular (9)

mPol ¼ Apol :mCircular (10)

Figure 3 shows the conductivity settings for various shapes of conductor cross-sections
areas. These material properties need to be used within themodel solution.

2.3 Analyses for the different cases

2.3.1 Skin effect study (case I, II, III). Three simple cases have been studied to understand
the skin in the polygonal cross-sections. The cases are a single wire alone (case I), a single
circular coil (case II) and a single square coil (case III) which are shown in Figure 4. The case
studies have been developed for various conductor diameters (R1 AWG18, R2 AWG24,
R3 AWG14). The results of (7) calculated for single stand-alone wire (various radii) are
presented in Figure 4. The solid lines show calculated values using FEA and the dashed
lines represent their regression. As seen in Figure 5(a), a single stand-alone wire (case I) is
affected only by the skin effect. The EQR depends on the frequency and the conductor
diameter. The other cases (II and III) have an influence from the current loop effect
(interaction between the auto-proximity effect and the geometrical arrangement of the
winding). As obvious from Figure 5(b), the circular coil introduces higher EQR because of
additional influence of the loop current effect. The EQR for the circular coil introduces an
additional parameter involved, the coil diameter. The results of (7) calculated for different
cases of single square shaped coil including effects of ferromagnetic materials are presented
in Figure 6. The solid lines show calculated values using FEA and the dashed lines
represent their regression.

The analyzed geometries seen in Figure 6 (case III) exhibit deeper impact from the loop
current effect. It is caused by the stronger external field that induces eddy currents into the
wire either because of the smaller coil dimensions or because of the ferromagnetic material
used. When the coil is wound on the ferromagnetic core, the current distribution inside the

Figure 4.
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EQR ¼
RCircular

Rpolygon

¼
l

SCircular
l

Spolygonal

¼
Spolygonal

SCircular
¼

2prb � pb 2

2prd � pd 2
(15)

Therefore, according to results from all EQR tendencies calculated for different
permutations (case III), it could be assumed equation (16):

b #
2

vms

s

(16)

An arithmetical regression from all results (shown in Table I for case III) relating to single
square coil, the EQR corresponds to equation (17) and the according corrector factor for skin
effect results equation (18):

EQR ¼ Apol � r
1=2 � f (17)

kskin ¼ e

�
Apol
1000

�r
1
2

�

�f (18)

where r is still the radius of the original coil wire having circular cross-section and f is the
frequency.

2.3.2 Proximity effect study (case IV). There are two well-known methods for calculation
high-frequency effects in windings. The methods from Dowell (1966) and from Ferreira
(1994) give significantly different results at high frequency. Both methods can have
substantial errors, exceeding 60 per cent. The Ferreira method, which is based on the exact
Bessel-function solution for the eddy current in an isolated conducting cylinder subjected to
a time varying magnetic field, is found to be most accurate for loosely packed windings,
whereas to Dowell method, which approximates winding layers comprising multiple turns
of round wire with a rectangular conducting sheet, is most accurate for closely-packed
windings.

The proximity effect will be analyzed in detail for the square coils (the windings used in
the EE and Toroidal cores). Based on Dowell (1966) the skin effect and proximity effect can
be calculated separately due to the orthogonality existing between them. A square shaped
winding having different number of coil turns (case IV - 1 turn to 14 turns), have been

Table I.

Permutations for

Case III

Parameter 1

(Conductor cross section)

Parameter 2

(Conductor Diameter)

Parameter 3a

(Edge length ED1*)

Parameter 3b

(Edge length ED2*)

Parameter 4

(Core Material)

Circular AWG29
(d = 0.286mm)

Standard Standard Vacuum

Diamond AWG24
(d = 0.510mm)

þ 5mm þ 5mm 3C90

Square into Circle AWG18
(d = 1.02mm)

þ10mm þ10mm 3C98

Square outside Circle AWG14 (d = 1.63mm) þ15mm þ15mm 3F4
Hexagon þ20mm þ20mm 4F11

Note: *See Figure 4





Table II shows the value of kC depending of the polygonal shape used for the winding cross-
sections in the Polygonal Model. The results of calculated for different cases are graphically
presented in Figure 7. The solid lines show calculated values using FEA and the dashed
lines represent their regression.

3. Proposed methodology for power electronics designers
This method is based on 3D FEA organized into three steps: pre-processing, simulation
(processing) and post-processing.

(1) Pre-processing:

� The inductive component is modeled in 3D using the FEM software.

� The conductor cross-sections area is modified from circular to polygonal
(hexagonal recommended) to reduce the FE number and to achieve better
computational convergence.

� The zero vector potential boundary condition is set on the surface of enclose
“free-space” region (having a size 5 times higher that of the component being
analyzed) surrounding the conductor. The frequency operation range and the
winding current are defined into the solution settings.

� The conductor material properties are modified according to (1-2).
(2) Simulation (processing):

� This procedure is completed due to the FE reduction using the Polygonal
model. The Eddy Current Solver is used within the Ansys Maxwell tool using
standard defined computational mesh.

(3) Post-processing:

� The electrical parameters of the equivalent circuit are extracted using (3-4) for
the Polygonal Model. The inductance is accurate enough for low-high
frequency range.

� The obtained resistance is only valid in very low frequency. At difference
frequency range, the correction factor (5) or (18þ 19) must be applied to achieve
accurate results.

4. Validation
The validation of proposed methodology has been accomplished with experimental
measurements for 8 different non-symmetric inductive components. These inductive
components have been connected to the impedance analyzer (4294A) on the windings
terminals in open circuit.

The analyzer is configured with the equivalent circuit shown in Figure 8 and is described
by (20) and (21):

Zcc1 ¼ Rcc1 þ jXcc1 (20)

Table II.

Definition of kC
depending on the

edges in the polygon
m 4 6 8 10 12 18
kC 6 15 28 45 66 153



Z01 ¼ R01 þ jXm1 (21)

The equivalent circuit for the analyzer is different from the equivalent circuit used in the
parameter extraction procedure using FEA based on energies. Therefore, the simplest way to

validate the results is using equations (22) and (23) to transform the experimental measurements
in comparable parameters with the parameters extracted from FEMbasedmethod:

Open Circuit Test Zo1 þ Zcc1 � Z11 (22)

Short Circuit Test example of 2windingsð Þ Zcc1 � Z11 þ a2 � Z22 � 2a � Z12 (23)

Here Z01 and Zcc1 are the parameters from the traditional equivalent circuit and a is the turn
ratio. Thus, values from (23-24) are comparable to the values obtained from the proposed

method (k � RFEM
ij ).

4.1 Component I
Component I is a EE core (3C90 material) two-winding transformer. See Table III for the
configuration and Figure 9 for the simulated and tested components. This component could

not be simulated with Ansys Maxwell in a common PC with 4 GB of RAM due to its
complex geometry, comprising a high number of circular conductors. The geometric model

was simplified using a polygonal conductor (hexagonal conductors) shape as explained in

Section 2 and this Polygonal Model needed a bit more than 3.12min to converge. The
methodology explained in Section 3 was used to calculate the winding resistances. Table IV

shows the comparison between the measurement resistance and the estimated resistance for

Figure 8.

Information about

Impedance Analyzer

Table III.

Models information

Model I Model II

Core Primary Secondary Core Primary Secondary

Material 3C90 Copper Copper Material 3F4 Copper Copper
Features EE.42.21.15 AWG18 AWG24 Features C107.65.25 AWG18 AWG24
Windings 25 15 Windings 20 20

Model III Model IV
Core Primary Secondary Tertiary Core Primary Secondary

Material 3F4 Copper Copper Copper Material 3C90 Copper Copper
Features EE.18.4.10.R AWG18 AWG24 AWG18 Features Tx25.15.10 AWG18 AWG24
Windings 4 3 4 Windings 7 5



the primary and secondary winding. (The results are expressed in percent with respect to

the measured value.)

4.2 Component II
Component II is a Toroidal core (3F4 material) two-winding transformer as shown in

Figure 10. The details of the windings are indicated in Table III. Once again, the high

number of turns did not allow the simulation with Ansys Maxwell in a 4 GB RAM either.

The geometry was simplified using the Polygonal Model (hexagonal conductors), only

21,046 elements were needed, and allowed us to obtain the coefficients needed to estimate

the power losses of the detailed component with the circular conductors. The experimental

results and the estimated calculations of the winding resistances are shown in Table IV.

4.3 Component III
Component III is a three-winding transformer with an EE.18.4.10.R core (3F4 material).

Table III and Figure 11 show the details of the simulated and tested models. This component

has been chosen for two reasons:

Figure 9.

FEM and tested

model. component I
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(1) the component is a three winding model where the windings occupy all the core

columns; and

(2) this model could be simulated with Ansys Maxwell with all its geometric

complexity (no polygonal simplifications) which allows us to check the advantages

of using this proposed methodology.

The simulation of the detailed model needed 662635 elements and converged in

59.89minutes and the Polygonal Model (hexagonal conductors) needed just 34672 elements

(a 5 per cent of the detailed simulation) and converged in 3.3minutes of CPU time (a 6 per

cent of the detailed simulation). Figure 13(a) shows the calculated results, detailed

simulation, only the Polygonal Model simulation and resistance calculate with the Polygonal

Model and correction factor. The experimental validation is indicated on Figure 13(c), where

the sort circuit resistances are represented.

4.4 Component IV
Component IV is a TX25.15.10 (3C90 material). See Table III for the coil configuration. This

component has been selected to check the benefit in CPU time. The model component is

presented on Figure 12(a), the tested one is displayed on Figure 12(b) and the simulated

Figure 10.

FEM and tested

model. component II



results on Figure 12(c). The contrasting among the simulated values from the real

component, the Polygonal one and the results using the corrector factor from the values of the

Polygonal Model are shown on Figure 13(b) and the validations is indicated on Figure 13(d).

The simulation of the original model has 445331 elements and was performed in 111.23min

and the Polygonal Model has had 5595 (<2 per cent) FE and has been developed in 1.96 (<2

per cent) min (CPU time).

4.5 Discussion
Table IV summarizes the error for each component depending on the working frequency.

The effect of the winding edge and the terminal connection has been removed to determinate

the error between the proposed method and the performed experimental values. The

analyzer measurements are similar to the simulation results obtained with the proposed

method for all tested components up to low-medium frequencies (�500 kHz). The biggest

error 8.7 per cent at 1.2GHz for case II, even in this case the error is much lower than the

obtained with other known methods (Kiselev et al., 2016) applied to multi-winding

components, that is close to 25 per cent.

Figure 11.

Component III



For the eight components, the FE number is reduced about 95 per cent from the real to the

polygonal model, requiring a negligible computational time as compared to initial

simulation using the real model without simplifications.
The values corresponding to the core magnetic field density (Figure 9(d), Figure 10(c),

Figure 11(c) and Figure 12(c) for components I, II, III and IV respectively) obtained with

the proposed method are very similar to the ones obtained with the simulation run

without any simplification, but requiring much less CPU simulation time. The

extrapolated thermal analysis will be are also valid using the simplified proposed

method.
Figure 13 allows to conclude that a correction factor is required for the resistive

parameter but no for the inductive parameter.

5. Conclusions
The determination of the resistance of an inductive component at power converters is one of

the most critical steps for the electronics design because it is a limiter in the operational

range for a power converter.

Figure 12.

Component IV





A parameter extraction procedure has been developed for 3D to obtain the resistance and
inductance for an electrical equivalent circuit. The procedure contains two original
contributions.

The first one is enclosed in the pre-modeling phase where the component simplification
consists on the conductor cross-section modification (from circular to polygonal section) to
reduce the FE and its correlative material conductivity adjustment to obtain the same values
for the resistance and inductance at DC. It has been demonstrated that the hexagonal section
for the conductor cross-section is the most effective simplification from the different
polygonal options analyzed.

The second is allocated in the post-processing phase, after the parameter
extraction based on energies, where a correction factor is needed for the extracted
resistance from the Polygonal Model due to the different behavior of the high
frequency effects in polygonal and circular cross-sections of the windings. The
correction factor is the sum of two coefficients, one for the skin effect and the second
for the proximity effect.

The coil inductance does not have to be necessarily recalculated using any correction
factor at high frequencies due to fact, that the obtained value from the Polygonal Model is
very close to value given by correction factor. The Polygonal Model permits the
convergence in the simulation or a CPU time reduction about 95 per cent and by using the
correction factor we reach very high accuracy (error <5 per cent) even for high
frequencies. This new methodology brings great potential into the optimization process
based on 3 D FEA.

Another of the main advantages of the proposed method is that enables the simulation of
complex 3D models to study relevant effects in magnetic components as core saturation or
thermal distribution.
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